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Development of a continuous variable speed mechanical 
drive is presented, A concept employing a mechanical 
differential and a dissipative control device is proposed* 
Theoretical feasibility of using a ball governor, a mixing 
paddle and a dc shunt generator as control devices is analyzed. 
An experiment using the dc shunt generator as the control 
device is conducted to establish the validity of the concept* 



CHiPTm 1 


IHTRODUCailOU 

Several power applications require drives that can 
produce a large number of speed ratios or even an infinite, 
number of speed ratios# The class of transmission devices' 
providing certain predetermined fixed speed ratios.^ such as 
gear boxes » stepped pulleys and common rh a j n drives may be 
referred to as stepped methods ,of speed adjustment, Ccxiti— 
nuously variable speed devices, on the other hand, are 
mechaniaas which convert a constant input speed into output 
speeds which are steplessly variable within a certain range* 
This range may cover a definite ratio of maximum to minimum 
output Speeds, or it may reach from a maximum output ^eed 
right down to zero* Such devices where the output i^eed 
can be reduced to zero are called infinitely variable speed 
drives. In some cases the direction of rotation of the 
output shaft can also be changed withejut changing the direc- 
tion of rotation of the input member, 

Infinit^y variable speed drives are ccsnmonly eo^ol- 
yed (a) in manufactvoring processes to ensure optimum 
production rates with variations in raw materials, (b) for 
providing constant cutting speeds in machine tools in 
accordance with varying work diameters, (c) for compensating 
the effects of viscosity, temperature aaad himsidity in 



2 


processing plants, (d) for syndfeironizing the flow of mate- 
rial from one machine to another and (e) in unconYenti onal ’ 
machining operations such as electro— discharge machining. 

Variahle ^eed drive requirements may ho met by means 
of mechanical, hydraulic or electrical devices. The principle 
of operation of each type of variator is briefly discussed 
in the next few sections. 

1.1 MBCHilTICAL V^IABLE SPEED DRIVES 

Variable speed mechanical drives [1»2] can be 
grouped into four major classes based upon their operating 
principle : 

(a) Belt drives 

( b) Chain drives 

(c) Friction drives subclassified into 

Cone drives 
Disk drives 
Ring drives 
Spherical drives 
Multiple disk drives 

(d) iKipulse drives. 

Belt drives : Majority of the low horsepower applications 

requiring variable speed drives can be satisfied by the use 
of variable speed belt drive systems because of their simpli- 
city and low initial cost. On the other hand, all such systems 
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have certain shortcomings which may riiLe them out ior 
certain specialized applications. Among these shortcomings, 
which are present to some degree in practically all these 
drives, is the fact that the speed is not maintained strictly 
constant under varying and shock loads due to slip and h^t 
stretch. But this slippage is small when compared to that 
in friction drives. Purther, because of the wear of the 
belt they are net suitable for constant power applications. 
Speed adjustment in belt drives is obtained throu^ fovir 
basic arrangements ; (i) drives employing one variable pitch 

pulley driving one fixed pulley or vice versa. (Pig. 1.1a) , 

(ii) drives employing variable pitch pulleys on both input 
and output shafts maintaining constant centre distance 
(Pig. 1.1b), (iii) drives employing solid sheaves on both 
input and output shafts with variable pitch pulleys on the 
intermediate shafts (Fig. 1.1c), and (iv) drives with co- 
axial input and output shafts with all variable pitch pulleys 
(Pig. l.ld). In variable speed belt drives the rotating 
member (sheave) has to be moved in order to affect speed 
adjustment. 

nhfl-in drives ; Chain drives maintain fixed phase relation- 
ship between the input and output shafts. In these dilves 
the basic arrangement for obtaining speed ratios is sim i la r 
to that in belt drives except that the chain runs in radially 
grooved faces of conical surface sheaves which are located 
on the input and output shafts. The faces are not strai^t 
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cones, "but have a sli^t convex curve to maintain proper 
chain tension at all positions. The pitch diameters of the 
sheaves are varied in- order to achieve speed adjustment. 

Friction drives ; The distinguishing feature of friction 
drives is that rotary motion is transmitted from one rotating 
part to another rotating part hy friction generated throu^ 
a point or line of contact. Speed changes are then possible 
hy altering the position of the point or line of contact 
relative to the centres of rotation of the driving and the 
driven members. In practice, the majority of friction drives 
employ intermediate points (or lines) of contact in series. 
These intermediate members may be cones, disks, rings, balls 
etc. and c or resp ending y they are known as cone drives, disk 
drives, ring drives, spherical drives. In sOl friction 
drives the transmissible power depends on the magnitude of 
frictional drag, which in turn, depends on the contact pressure 
applied. This pressure must be undesirably large in order to 
transmit large powers. Alternatively, provision must be made 
for multiplicity of contact points (or lines) in parallel 
with each other, each carrying part of the total load to be 
transmitted. To obtain multiplicity of contact points (or 
lines) the number of intermediate members must be increased 
resulting t design complications and higher costs. Speed 
adjustment in friction drives is accomplished by moving the 
rotating intermediate member or members. Figures 1.2 to 1.6 



6 


illustrate the operating principle of cone drives, disk 
drives, ring drives, spherical drives and mtiltiple disk 
drives, respect iv^y, 

Impulse drives ; In these drives, the driving member 
rotates on eccentric "which through the linkage causes the 
output link to rotate through a fixed amount. On the rettim 
stroke, the output link overrides the output shaft. Thus 
a pulsating motion is transmitted to the output shaft. 
Shifting the adjustaISLe pivot varies the speed ratio. By 
adding eccentrics, cranks and clutches in the system, the 
frequency of pulsaticais per revolution can he increased to 
produce a smoother drive. This class of drives are mainly 
suitable for fractional horsepower applications. Fig. 1,7 
illustrates the operating principle of zero-max drive h^ong- 
ing to this class of drives. 

1.2 HYDRAULIC VARIABLE SPEED DRIVES 

Variable speed hydraulic drives [3] are broadly 
classified into s 

(a) Hydrodynamic drives 

( b) Hydroviscous drives 

( c) Hydrostatic drives. 

Hydrodyna^Tiic drives : The (iterating principle of this class 

of drives is that the kinetic energy of hydraulic fluid, set 
in motion by the input impeller, drives the output impeller 



(a) 



ff^otor 



Motor 



Fig* 1*2 : Some basic arrangeracnts in variable 


.ipeed cone drives 






(B) Double “disk drive 


Pie* 1.5 


SclieiDal;;'. c sketch of a vaxiahlo sooed disk 
drive. 



Fie. 1.4 : Vai’i-'-llo cnco;': rin,; drive. 



Fie. 1.5 * Scliouiitic sketch of variable speed 
spherlc;tl drive. 
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(runner). Scoop-type of hydraulic variator belonging to 
this class of drives is shown in Pig.!. 8. Speed adjustment 
can be obtained by varying the volume of oil through nozzle 
E, tending to empty the casing B. However, Scoop tube F 
prevents this by scooping up the oil and returning it to the 
drive casing. The disadvantage with this type of drives is 
that they are not suitaliLe for constant speed operations 
with varying load. In these drives also the rotating member 
has to be moved in order to affect speed changes. 

Hvdjovlscous drives ; Speed control in these drives is 
affected through changes in viscosity of the fluid. . In 
electroviscous hydraulic dutch (Fig. 1.9a), viscosity of 
the oil is changed by the electric potential applied across 
it. In liquid slip clutch (Fig. 1.9b), the thickness of 
the fluid film is varied to affect speed adjustment. In 
these drives cooling arranganent has to be provided to 
remove the heat generated. In some drives of this class 
(liquid slip clutch) the rotating member has to be moved to 
achljtve speed adjustment. 

Hydrostatic drives : Hydrostatic drive consists of a 

positive-displacement pump driving a positive displacement 
fluid motor usually in one of the following basic arrange- 


ments*. 
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d iV33 (a) Electro-viscous 
(i») liquid slip clutch. 


9 
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(a) PP-MF (with flow control valves) : Fized displacement 

purop and a fixed displacement motor (Fig, 1.10a). Motor 
Speed is adjusted by controlling the input or output flow of 
the motor, 

(h) PF-MV : Fixed displacement pxcnp and variable displace- 

ment motor (Fig, l.lOh), Motor speed is adjusted by chnngj ng 
the effective stroke of the piston or vanes. 

( c) PV-MF : Variable displacement pump and fixed displace- 

ment motor (Fig, 1,10c), Motor speed is adjusted by varying 
the pump displacaoaent to vary pump flow, 

(d) PV-MV i Variable displacement pxamp and variable dis- 
placement motor (Fig, l,10d) . Motor speed is adjusted by a 
combination of adjustments of pump and motor displacanents. 

1.5 ELECTRIC il, ViRIAELB SPEED DRIVES 

Variable speed electrical drives [4»53 can be of 
either a.c, or d,c. types. Two of these drives, namely, the 
¥ard-Leonard system and eddy-current clutch are discussed 
here. 

Ward-Lecnard systeon : In this drive, the gm orator cot^led 

to the input shaft generates a dc voltage which is fed to a 
dc variable spe^i motor. Speed control of dc motor is achieved 
by controlling the field voltage of the generator or by controll- 
ing the field voltage of the dc motor itself (if it is used 
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as separately excited). Weakening the field of the dc motor 
speeds up the output speed whereas weakening the field of 
the generator decreases the output speed of the dc motor. 

Eddy-current clutch j The eddy-current clutch has two 
main elements, a drum and an inside spider. The drum is 
driv^ hy the input shaft, whereas the ^eed of the spider 
is adjustable. The field coil energized with dc is usually 
stationary. The spider is magnetized by the field coil and 
acts as salient poles of a generator. When the drum rotates 
it passes north and south poles of the spider inducing 
eddy- currents. The combined action of cxirrent and flux 
develops the eLectromagnetic torque. Speed of the drive 
is controlled by varying the field current. 

1.4 COETROLIED DIEPmEKTIAL DRIYES 

The power and speed characteristics of any variable 
speed drive (either mechanical, hydraxfLic or electrical) may 
be altered by suitably coxjpling it to a differential gear 
unit. Such drive arrangements are known as controlled diffe- 
rential drives [ij. 

The configuration shown in Eig* 1.11a results in 
an increase of the horsepower range but decreases the output 
speed range. 

n^ 

Output speed n^ = i (n^ + 


where Rj > 1. 
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Output torque = 2 * 

Output horsepower = 2Tt/746 . 

Hoursepower increase = T ♦ 2it/746 . 

output speed r=nge = = i^(“2max-W- 

Thus, the horsepower range is increased while the output 
speed range decreases. 

To increase the output speed range at the cost of a 
reduction in the horsepower transmitted, the arrangement shown 
in Pig. 1,11b may be employed; 

Output speed n^ = ^ (n^ + n^) . 

Output spoed range = 

Reduction in hp = T2*nj*2ii/746 • 

Thus, the speed range is increased at the expense of horse- 
power range. 

1,5 OBJECT rVB mi SCOBS OP THE PRESMT li«)RE 

The development of a mechanical variable speed drive 
systsB capable of good speed control characteristics and posse- 
ssing low output speed sensitivity to output load torque changes 
forms the tc^ic of the thesis. A system incorporating the 
mechanical differential gear unit (a two degree of freedom 
systean) and a dissipative control device is proposed to achieve 
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drive 
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"the present objective. The potential of using three different 
Xohysical systems, namely, (i) a ball govern csr (ii) a mixing 
paddle and (iii) a dc shunt generator for possible utilization 
as the control device is studied through a detailed analysis. 
An experiment is carried out using the dc shunt generator as 
the control device to evaluate the practical feasibility of 
the proposed concept* 



CH^TER 2 


DEVELOPMENT MD THBORETIGAL iEALYSIS 

The proposed concept is illustrated schematically 
in Pig, 2*1* The constant input speed forms the input 
to the differential* One output 0^ of the differential 
forms the output of the system. The other output €>2 

running at speed is connected to the control device. In 

steady state operation, for given values of and T^,the 
control speed and the control torque T^ will assume 
certain ^^ecific values* As is ■well Imown, the angular 
speeds and are kinematically related. With 

the input speed ^ • constant, changes in the control shaft 
speed will he reflected in the output speed In 

steady state, the control shaft torque T^ is determined hy 
the output load torque T^, Thus it is apparent that, if 
the control device could he run at different speeds for 
the same -applied torque T^, any desired values of may 
he achieved. This would he possible if the control device 
provides a resisting torque, equal to T^ in steady state, 
which is a function of m ^ ao-d some adjustable control 
device parameter* By adjusting the control device parameter, 
the system output ^eed may thus he varied. 

The amoimt of power dissipated in the control de'vice 
is given hy T^ Adjusting the control device parameter 

alters m and hence the energy dissipation. The infinit^y 

w 37 
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nG.2.1 SCHEMATIC ILLUSTRATION OF THE PROPOSED 
CONCEPT. 
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variable output ^eed is therefore achieved by contiJiuou^y 
dissipating a part of the power supplied by the input shaft. 

The concept would thus be practical only for low power appli- 
cations where the energy dissipation would be small* 

A comment concerning the size of the control device 
would be significant. Incorporating a speed step up between 
the control shaft and the control device, the latter would 
be required to offer a smaller resisting torque althou^ 
running at a higher ^eed. This would help to reduce 
size of the control device. 

In the analysis to follow, the feasibility of using 
three different physical systems, namely, a ball governor, 
a mi T in g paddle and a dc shunt generator as control devices 
is studied. The steady state char act ^stics of the complete 
differential gear-control device system are determined in 
each case. The dynamic behaviour is also analyzed for the 
case of the differential gear-ball governor system. 

2,1 DIFI’BElBtrTIAL GKAR-BALL GOVERIfOR SISTIM 

The schematic sketch of the variable speed drive 
employing the ball governor as the controlling device is 
shown in Fig, 2,2, One of the outputs from the differential 
drives the output load, and the control output, after step- 
up, drives the ball governor. The sleeve of the spring-loaded 
ball governor rubs against a stopper and dissipates energy 
in the form of heat. The output speed changes are affected 

by the movement of the stopper. 
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2. 1,1 Steady State Analysis 

Fig, 2,3 shows a view of the differential indicat- 
ing the external torques acting about the axis of rotation. 
Using no slip condition at points A and B, the following two 
kinematical relations may be written. 


• (0 j 

pi i 


^po^ r ^pp “p 


( 2 . 1 ) 



“ ^pi “ r ^pp 


(t) • 

P 


( 2 . 2 ) 


Eliminating from equations (2,1) and (2*2)^ th© kinematical 
relation between the input speed, output speed and the control 
Speed is, 


(0 


0 



(2.3) 


Also, we have, 

me ~ ^ * 


(2,4) 


From equations (2.3) and (2.4); the governor speed 4 ^ is 
related to the output speed 

- ^ ( -«*,). ( 2 . 5 ) 

me “ 2 ^“i 

The sum of external torques should be zero for no angular 
acceleration about the axis of rotation, 


T. - b. w . + T 
1 11 


+ l=o“o-’'r - ''r ‘“i -“r> = 

( 2 , 6 ) 


0 . 
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Purther, for energy 1)3131106 the following expression must 
be satisfied; 


T .(i) . 
1 1 


= T 




+ T 


rWr 


+ b,w . + 

1 1 


b (j) 
0 0 


+ b. 




“r 


)“i 


(2,7) 

Solving for and as a function of and y ^ from 
equations (2.3), (2,6) and (2.7), we obtain, 


T, = + b. + b 

1,02L / \ O# \ 

' ^“i ^ “o' ^ i 


+ + (0 Q ) (2*8) 


T 


r 


2 + b, 

o 1 


(tOi 4 «q) ° (a^ O ^ 


and 

= T /R 
c r 


(2.9) 

( 2 . 10 ) 


note that, when the viscous damping in the bearings 
is ne^igible, the input torque is equal to the output torque 
and the torque available at the planet carid-er is twice 
the output torque (familiar feature of automotive rear axle 
differential where equal torque is transmitted to the two mar 
axles irre^ective of their speeds). 
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Next, consider the free "body diagramg of the- gover- 
nor hall and the sleeve shown in Figs, 2.4a and 2.4h, respecti- 
vely, The following equations of motion may he easily written; 


sin a + $2 sin p = m-^^ r {2.11a) 


cos a - S 2 cos p - m^g = 


0 


(2.11b) 


p - 2 S 2 cos p - kx - f^ = O 


( 2 . 110 ) 


The frictional torque developed al^ the sleeve- stopper^ inter- 
face may be expressed as, 


If = P 


( 2.12a) 


Equations (2.11a and h) may he solved for and S 2 . 5!be 
contact pressure p is then determined by equation (2. lie), 
Suhsituting for p in equation (2,12a), the expression for 
the frictional torque takes the form,.._ 


T 


f 


“h ^ ^c^ “ ~ °^b® 

r^ [2 cos p cos p + sinp cota 


(mgg+ kx + f-^)3 


(2.12b) 

where 

sin a = r/t 

cos p = f - (r - e)*/ £ and 


/ -0^ rr\ 




FIG. 2.3 SCHEMATIC DIAGRAM OF THE 
DIFFERENTIAL GEAR UNIT. 
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At stead.y state, the torque available at the 
controlling device would he, 

^0 = • (2.14) 


Substituting fca? in equaticn (2.14) and using the rela- 
tion (2.5), the output speed u ^ may be expressed as a func- 
tion of the torque available at the governor shaft T and 
the governor sleeve position x as. 


(w , — (0 ) ^ + 
4 1 o 


\i r . 


“b"* 


cota 


cosp + sinp cot a 
2 cosp 


I (“i -“o> 


= [( 


n r, 


+ ffigg + hx + f q) 


cosp + sinp cota 
2 cosp 


+ 01^23 


m-. 


_1 

r cot a 


(2.15) 


where T is given by equation (2.10) and r is related to x 
c 

by equation (2,15)* 

The influence of the system parameters on the systan 
characteristics was evaluated next. In view of the large 
number of design parameters, a governor configuration with the 
following fixed parameter values was considered. 
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The governor ball mass m^, spring stiffness k and the step 
ratio R were varied over the range of interest. 

Pig. 2,5 shows the variation of output speedw^ with 
the governor sleeve position x for three different values of 
the output torque and the step ratio R. The plots, for 
any value of step ratio R, indicate that (a) the range of 
speed variation remains nearly the same for all values of the 
output load torque and (b) the drop in the output speed due 
to increase in output torque is also nearly the same at all 
sleeve positions. Por high values of R, the curves shift 
upwards and come closer together. Increasing the step ratio 
R thus provides the desirable feature of reducing the system 
sensitivity to output load terque changes. However, it also 
results in a reduction of the speed range which the system 
can provide. 

Pig. 2,6 shows the influence of the governor ball 
mass m^ on the syst<an characteristic for differmt output 
load torque T^, It is observed that the effect of m^ on the 
system characteristic is similar to that of the step ratio R 
I discussed above. The affect of the governor spring stiffness 
is indicated in Pig. 2,7. like R and m-j^, increase in k also 
reduces the system sensitivity to output load changes. In 
contrast, however, higher stiffness leads to an increased 
speed range. While increasing the spring stiffness is desi- 
rable its maximum value would be limited by the strength of 
the governor links. 
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FIG. 2. 7 EFFECT OF SPRING STIFFNESS k ON THE 
SYSTEM characteristics. 
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2.1.2 Dynamic Aaalysis 


It would De of interest to examine the speed of 
response of the differential gear hall governor system to 
changes in the governor sleeve position and the output load 
torque. A dynamic analysis is therefore carried out to 
study its transient behaviour. The system time constant is 
derived through a linearized analysis. The transient res- 
ponse predicted by the linear analysis is compared with the 
results obtained through the solution of the exact non-linear 
equations. 

Fig. 2.8a shows the output shaft and the output 
bevel gear assembly, indicating the output load torque 
the bearing resistance moment b^^^ and the forces exerted 
by the planets on the output bevel gear. The equation of 
rotational motion about the input-output axis may be written 

as, 


^0 “o ^d"o 


= ^ ^it ^2t 


) r _ - T 
po o 


( 2 . 16 ) 


Fig. 2.8b shows the three force components 
and two moment components exerted by each of the. planet 
gear and three force components exerted by the pinion on the 


planet carrier. The bearing friction torque b^m^. is also 
indicated. The equation of rotational motion is. 


Ij. ojj, + 


(^It ^2t^ ^pi “ ^pr ” ^%ly ^2y^ * 


(2.17) 
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The force Q, results in a momcmt Q, r about the 
pinion axis which, throu^ the transmission, drives the ball 
governor against the frictional torque This driving 

torque is also opposed by the friction in the bearings support- 
ing the intermediate shafts and the ball governor shaft* 
Reflecting the various moments of inertia, viscous bearing 
frictions and the control device frictional torque T^ about 
the pinion axis, the following equation of motion is obtained. 


I ou + b “ = Qj. r - T « R 

eq “t eq r ^t pr f 


(2.18) 


where 






PPl 


PPl PP3 




r 


PPl PP3 PP5 


y ( 2 . 19 ) 


2 


r_« 2 r. 


eq 


^ ppl PPl PP5 


PPl PP3 PP5 


Equations (2.16), (2.17) and (2.18) involve five 
unknowns, namely, (^ 3 _-fc + ^2t^* ^^It * *^t 
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^2y^ * two additional relations involving 

these unknowns are required. To this end, it is necessary 
to examine the dynamics of the two planet bevel gears, 

Pig, 2,9a shows the complete free body diagram of the 
Upper output bevel gear indicating the three force components 
exerted by the input bevel gear, three force components exer- 
ted by the output bevel gear, and three force components and 
two moment components exerted by the pin. The coordinate 
system xyz is defined such that the y-azis is aligned with 
the input-output axis of the system. The z-axis coincides 
with the geometric axes g £ the planet gears, which spin 
relative to it with angular velocity The x-axis completes 

the ri^t-handed triad xyz. 

The external force vector acting on the t 5 )per planet 
may be expressed as, 

P = 1 + - Hjj.) 3 

+ ‘hr *lr - ■ ®p ^ 


The equation of motion for the centre of mass of the upper 
planet bevel gear then becomes. 


P 





( 2 . 21 ) 


The external moment acting about 0 is given by. 
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» = [(^ir - -pp + (Pi, + Ei^ - ^ I 

^ [(•‘it ^ ^it - Ki,) r^i t «Riy] 5 

■•■ [®lt - ’•pp ^ • (2.22) 

The angular velocities of the xyz reference frame arw^ the 
upper planet bevel gear are, 

“ zyz = "'r ^ (2.23) 

w = Wy 3 + Up k . (2.24) 


The angular momentum of the upper planet gear then beccanes. 


H = I„w^j+I„u k 
py 3:^ pz p 


(2.25) 


which leads to the equation of rotational motion. 


M = 


dH 

dt 


u 


xyz 


zyz 


Z H 


or 


M=:I 0) u i + I + k 

■^px r p py 3:^ pz p 


(2.26) 
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Substituting equations (2,20) in (2.a) and equation (2.22) 
in equation (2.26), the scalar equations of motion for the 
upper planet gear are obtained as : 


N 

N 


It 

la 

Ir 


+ P 


- P 


+ P 


It ” ^it 
la "" ^Ir 
Ir " \a 


m g 
P 


m r . 
p pi w r 


( 2. 27a) 


0 (2.27b) 

-m r . M ^ (2.27c) 

p pi r 


1 ^ ^ 
px r p 


^^Ir " ^ir^ ^pp ^^la ^Ir *" ^^la^ ^pi "*■ ^13 

(2.27d) 


^py “ r 


- (N^^ + P^^ - R^^) r^^ + (2.27e) 


I m = (Nn j. - Pt 4.) r 

pz " p 'It It' pp 


(2.27f) 


Pig. 2.9b shows the free body diagram of the lower 
planet bevel gear indicating the force compcnents exerted 
by the input bevel gear, output bevel gear and the force 
and moment coniponeoits exerted by the pin. Pollowing the 
same approach as for the t; 5 )per planet gear , the equations of 
motion for the lower planet bevel gear are found to be. 


®2a-®2a-®2r 


“p ""pi “r (2.28a) 


0 


(2.28b) 
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IT 



u 

r p 


^ 2r - + “p g = -Hip / (2,28c) 

= ‘"2r - ”2r) -pp * tea, + rp^ . 


(2.28d) 

Ipy <0 J, = (2.28e) 

^pz t^p - ^^2t ■ I’2t^ ^pp • {2.28f) 

Solving far from equations (2.27a) and {2,21 e) results 

in, 


‘tly = ( Ipy - “p ^pi’ 


(I) 


Similarly, the expression for Mg,2y “lay he obtained from 
equations (2.28a) and (2.28e) as, 

^ 2 y. = ^ ^py " “p ) w r • 

Adding the above two equations results in, 

^ly ^2y ^ ^^py ” “p ^pi^^ “ r • (2.29) 

Adding equations (2.27a) and (2.27f) after substituting for 
to from equation (2.1) results in. 




FIG. 2.9 FREE BODY DIAGRAMS OF 

(a) UPPER PLANET GEAR. 
(t>)LOWER PLANET GEAR. 
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p pi pz pi' r • 

PP 

Similarly, from equations (2.28a) and (2,28f) the following 
expression may be obtained. 


2 - R„. = (m r . - I 

2t 2t p pi P2 p a 

PP 


) «P . 


Adding the above two expressions results in. 


2^^1t ^2t^ " ^-\t + ^2t^ = 2(m^ r^, - m ^ . 


p pi pz _ a' r 


( 2 . 30 ) 

Adding equations (2,27f) and (2.28f) after substituting 
for w p from equation (2,1), the following express! cai may 
be obtained, 


(H,^ +1I,J - (P,.+S,t) = - 21, 


■po 


‘it ^"2t^ “ ^-^It ^ '^2t' - pz p a r 


(2.31) 

Eliminating (N 3 _^. + ^ 2 ^) from equations (2.30) and (2.31) 


results in. 


^^^It ^2t^ ■“ ^^It ^2t^ “p Si ^ ^ r 


( 2 . 32 ) 
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Equations (2.29) (2.32) represent the relations sou^t 

from the dynamics of the planet bevel gears. Erom equations 
(2.16), (2.17)f (2,18), (2,29) and (2.32), the desired equa- 
tion governing the output speed is finally obtained as, 




^ 2 V ^ ^eq " 2 


r 2 

po 


PP 


3 ^ 


o 


^ - 1 + '’eq) “i = 1 If 

(2,35) 

note that given by equation (2,12b) is a non-linear 
function of the output speed (throu^ the kinematic rela- 
tion (2,5)) and the governor sleeve position z. The dynamic 
“behaviour of the system is thus described by a first order 
non-linear differential equation. 

In order to gain some physical insight and to suggest 
possible improvements to the transient behaviour, an analyti- 
cal expression for the system time constant is obtained, Eor 
this purpose it is necessary to linearize the expression for 
frictional torque (equation 2.12b). This results in, 

AT« = - KtA© - Kp A^: (2.34) 

f 1 o ^ 

where ar»d E2 are positive constants defined as, 
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and 



f 


the partial derivatives being evaluated at the operating 

condition* After considerable algebra, these may be expressed 
as, 


and 


+ (r-e) - r^] [/i,*- (r-ej* - r^ 

/ 2r^ - 3r^e ~ 2rl 4- re^ + 
fa* - r® /a* - (r - e)* 

- rl/!l *-(r-e)^ [fjl*-(r-e) ^ +/(A ^ - r*) 

. , / [n*"-{r-er* + (r-e)C^3"] 

l/a »-(r-ey^ U* - 

- 2 m^ g f ji*-(r-e) ^ {[r/a^-Cr-e) * + (r-e) / jf-r*] 


p r. m. ((, ,0) .) 

° ^ r/i^ - (r - e)^ + (r-e)V^ji^-r^ 


(2.55) 


= n o^* - r® fa® - (r-e)* { [rf a®- (r-e) * 
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The linearized system equation then becomes. 



It appears interesting to study the dependence of the 
system time constant on the design parameters. The number of 
parameters being large, only the effect of the governor ball 
mass m^ is studied presently. Equation (2.59) shows that m^ 
influences the time constant throu^ the terms and 
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Explicit d^endence of I on m, is given by « 

D. 


^ec = ^ [I + (.j-i ^ 


PPl 


( 2 . 40 ) 


The dependence of on is more complicated. An examination 
of equation (2.35) shows that m^ effects explicitly, as well 


as through the quantity 


I = 0) . -l/ ^ + G. 

0 0 ^ V “b 5 


( 2 . 41 ) 


where 


^ C n S + ^0^ ^ 


*^4 •- p R r^ 


rlfa®-(r-e)^ + (r-e) fit 


2r - (r-e) 


C. = 


5 TJ il 


R" 0 


Thus, the time constant r as an explicit function of 
the governor ball mass is obtained as, 


1 = 


°7 °8 ■°b 

O9 + Cg fo^ 


(2.42) 
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+ 21 /r^ + I 

py pz po^ pp ^ -^1 '‘r ^ 

PPl 


. I, (isP2 )% I hM 


PPl PP3 


1 / 2 


8 “ 2 " 5 1 


( I r " + r" ) R= 


0 


^9 “ ^o ■*■ 4 ^ ^r ■*■ ^ • 


Tile time constant depends on the operating point 
determined by the output torque and the sleeve position x 
in addition to the design parameters like m^. Fig. 2.10 shows 
the variation of % with m^ for various values of output load 
torque Tq. The flat nature of the curves indicate that a 
low time constant may be obtaj.ned over a range of values of 
the governor ball mass m^. With increasing output loads the 
the time constant decreases somewhat. The effect of the sleeve 
position on the system time constant is presented in Fig. 2.11. 
The curves clearly indicate the existence of an optimum m^ 
minimizing the time constant. The optimum value of m-j^ is 
found to increase for lower sleeve positions. However, it may 
still be possible to select a good value of m^ leading to an 
improved time constant for the entire range of sleeve positions 

Solution of the governing linear differential equation 
of motion (2.37) for unit step change in ^eeve position is, 

G, -tA 

o ^ ^ ® ^ 


(2.43) 




FIG.2.10 VARIATION OF SYSTEM TIME 
MASS FOR DIFFERENT OU 
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-kg ^ 

FIG.2.11 VARIATION OF SYSTEM TIME CONSTANT WITH GOVERNOR 
BALL MASS FOR DIFFERENT SLEEVE POSITIONS. 
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and for unit step change in output load is, 

AoJq (t) = > ^ . Q , (2.44) 

The validity of the linearized analysis was examined 
by comparing the responses (2,45) and (2,44) with those 
obtained by integrating the governing non-linear equation 
of motion (equation 2,35), The following parameter values 
were assumed for the solution ; 



^1 “ ^2 

= I = 

0.01 kg-m^ . 

h = *=0 = h 

= \ ^ b2 

= ^c = 

0.0 . 

^ = 1.0 

, ^PP2 

* r 

= 4.0 

* r 

PPl 

PP3 


PP5 

r . s r ^ : 

pi po 

II 

il 

0.03 m. 



m = 0*3 kg, 

sr 

Fig. 2,12 shows the system response to various step 
changes in sleeve position from an initial operating ccaadition 
defined by x = 0,003 m and T^ = 5 N-m. The linear response 
calculation requires the evaluation of the system time constant. 
For small step changes in the sleeve position, it may be compu- 
ted at the initial operating condition. Presently, however, 
large step changes in the sleeve position are considered. Since 
the time constant shows a significant variation with the sleeve 
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position.! it was evaluated at a sleeve position representing 
ti.'.e mid point of the step maneuver to improve the response 
prediction# The iigure shows the output speed response when 
the sleeve position is suddenly changed to x = 0.013 m (curve h) , 
X = 0#043 i 2( curve c) and x = 0*083m( curve d) from the initial 
position of X = 0.003 m (curve a). The plots exhihit excellent 
agreement between the linear prediction and the exact response 
for relatively smaller ^.eeve inputs. Even for very large 
inputs, the time to reach the new steady state is predicted 
quite well by the linear response although the steady state 
error inccreases. The system response to step changes in the 
output load were obtained similarly by using the time constant 
evaluated at the mid position of the step change in load. The 
responses to various step load changes are shown in Eig. 2,13. 
The above results suggest that the transiait response is well 
predicted by the analytical approach even for quite large 
percentage changes in the sleeve position and the output load 
torque. 

2.2 EIFETEMTIia GEiR -PADDLE SYSTEM 

In this system, the control output frcan the differen- 
tial is connected to a control device consisting of a paddle 
operating in a liquid container (Pig. 2,14). The liquid tank 
is provided with baffles which may be rotated to vary the 
effective baffle width The power consumption in such a 

system has been Investigated iyOostioh, Rustm and Bverett [6,7] 



steody state response with x =o.o03m ond To=5N- 
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FIG. 2. 12 SYSTEM RESPONSE TO STEP CHANGE IN SLEEVE POSITION 
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ajid Nagata [8]. These analyses involve the concept of power 
number defined as, 


p 



(2.45) 


Nagata obtained the following relation for the power number 
under fully baffled condition (corresponding to the condition 
of maximum power consumption). 


N 


pm ax 



^ (0.35 + b/D^) 


(2.46) 


where 


A = 14 + (b/D^) [ 670 (d/D^ - 0.6)* + 185 ] "] 


«Re= ^ s; - 


B 


6/Pt 

oTll (b/D, )“- 0.0048 


10 


[1.3-4 (b/D, - 0,5)^ - 1,14 d/D. ] 


(2.47) 


The power number under any other baffled conditicaa is 
obtained from : 

N - N TO 

L- = [ 1 - 2.9 (B n (2.48) 

^pmax - 

where 

n = number of baffles 
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U = B (0,6./l.6)“ 

P 

with m = 1*1 + 4 (h/D^) - 2*5 “ 0*5)^ - 7 ("b/D^) * 


Note that the power consumpticm must be, 


P 


m. 


(toi "«o ^ * 


(2.49) 


Substituting equation (2.49) iu. equation (2.45) we get. 




(oj - a> )2 R 

^ - - III I ■ ■ T 


8 1 


o 


(2.50) 


Elimination of N between equations (2.48) and (2.50) wo\fLd 
lead to. 


which represents the system steady state ciiaract eristxc. 

The effect of the parameters h, R, b/D^ and d/D^ on 
the steady state system characteristics was studied. It was 
found that the ratio of the height of the liquid column to 
the tank diameter, h/D^, had little effect on the behaviour. 

Big. 2.15 shows the variation of w ^ with for 
various step ratios R. The speed range appears to first 

increase and then decrease with increasing values of R. 

^ r> T ^^,=1 +r> (ri - T characteristics with 
Hi^ier values of R lead t ^ q 

smaller droop which is desirable (Rig. 2.16). 
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FI6.2.I5 EFFECT OF STEP RATIO R ON THEtJo-Bw 
CHARACTERISTICSOF THE SYSTEM. 
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FIG.2.16 EFFECT OF STEP RATIO R ON THEiJo-To 
CHARACTERISTICSOF THE SYSTEM. 
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Pig* 2«17 shows the influence of the parameter d/D. 
on the stady state characteristics. The speed 

range may be increased by increasing d/D^. Its effect on 
the variation of output speed with output load is shown in 
Pig, 2,18, The output speed shows a lower sensitivity to 
load changes with increasing d/D^ values. The Qffect of the 
parameter b/D^ was found to be similar to the affect of 
d/D^, The results suggest that the use of a larger impeller 
leads to increased speed range and lower sensitivity to out- 
put load changes. 

2.3 DIFPEREMTIiL GEiiE->DC SHUIIT GMSRidlOR SYSTEM 

In this arrangaoent adc shunt generator is used as 
the controlling device. Here the electrical power generated 
by the machine is dissipated by the load resistance connected 
in series with the armature. Speed changes are then achieved 
by varying the load resistance. The steady state analysis of 
the system is presented below. 

Under steady conditions, the equivalent electrical 
circuit is shown in Pig. 2.19. Prom the circuit diagram, 

® 


(2.51) 

(2.52) 


If = (Kl,/Rf)Il 


(2.53) 
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FIG. 2.18 EFFECT OF THE PARAMETER 6 /^^ ON THE 
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FIG. 2. 20 EFFECT OF STEP RATIO R ON THE 
characteristics OF THE SYSTEM. 
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EXPERIMENTAL IMVESTIGiTION 

An OTperiment was carried, out to examine the perfor- 
mance of the proposed variable speed drive. A commercially 
available bev^ gear differential (used in three wheeler 
vehicle) was used in the experimental set-up. The dc shunt 
generator was chosen as the control device primarly due to 
the reduced fabrication req^uirements. The schematic sketch 
of the system fabricated is shown in Pig. 5.1. A photogr^h 
of the experimental set-up appears in Pig, 3.2. 

3.1 BXPmMERTAL SET-UP 

A single phase induction motor (0.5 H.P., 1425 rpm) 
drives the input shaft at 950 rpm throu^ a ^eed reducing 
arrangement employing a set of pulleys. The output shaft 
is loaded by means of a rope-brake dynamometer. The control 
output speed from the differential gear is stepped up 
through the crown wheel (attached to the planet carrier) and 
pinion combination, and throu^ a set of pulleys, before it 
is coupled to the dc shunt generator (0.25 H.P. , 250 V at 
1500 rpm). .provision was made for changing the pulley B in 
order to carry out the experiment with different values of 
the step-up ratio R, 
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SHUNT 

GENERATOR pi6. 3.1 SCHEMATIC SKETCH OF THE EXPERIMENTAL SET-UP 
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A ac tachogenerator (50 V at 1000 rpm) is coupled 
to tlie output shaft to measure the output speed A 

rheostat is used as the load resistance in order to vary 
the output speeds. A voltmeter and an ammeter are provided 
in the armature circuit to measure the voltage drop across 
the load resistance and the load current, respectively. 

For a constant load oil the output shaft, the out- 
put speed Wq of the system was measured for various values 
of the load resistance R^. The ojq versus R^ characteristic 
was obtained for different loads on the output shaft. 

The entire procedure was repeated for three different values 
of the step ratio R = 3, 4.92 and 6.41. 

4 

‘ 3.2 RESULTS ARR DISCUSSION 

The experimentally obtained output speed versus load 
resistance R^^ characteristics of the differential gear-dc 
shunt generator system are shown in Fig. 3*3. Cxarves (a) , 

(b) and (c) show the system characteristic for the step 
ratio R = 3.0 for tiiree different values of the output load. 

Bach of these curves shows a steep slope with respect to the 
load resistance for an initial region and then flattens out. 

For lower range of speeds, large speed variation may he 
achieved through small changes in the load resistance. In 
the very hi^ range of speeds, the spood variations which 
can be achieved become very small. Similar trends are 
observed for the plots corresponding to R = 4.92 and R s= 6.41. 
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Tlie nature of the characteristics agrees well with 

the theoretically predicted hehaviour, ‘ 

A con^arison of curves (a), (h) and ( c) shows the 
effect of output load on the w ^ characteristic. 

The output speed drops with increase in the output load. 
Similar feature is observed for the case of E. = 4.92 (curves 
d, e, f) and for R = 6.41 (curves g, h, i). In some cases 
like ciirves (h), (i) and curves ( e) , (f), the speed drop 
appears to be excessive. The ^eed change due to output load 
variations is a feature which was not shown by the theoreti- 
cal analysis. This appears to be due to the assumption of a 
constant slope of the magnetization curve and the neglect 
of the armature reaction during the analysis. 

The results indicate that, in general, a greater range 
of speed variation may be achieved throu^ the use of a higher 
step up ratio R. TMs effect is also predicted by the analy- 
sis. However, a limitation is shown by examination of curves 
(c), (d) and (g) which correspond to the same output load T^, 
but different stop ratio R, Increasirg R from R = 3*0 (curve 
c) to R = 4.92 (curve d) and to R = 6.41 (curve g) makes the 
characteristics (b) and (g) cross the ordinate which reduces 
the Speed range. This appears to be associated with the 
generator running barely above its critical speed when the 
output speed is maximum, and hence, capable of significantly 
reduced range of energy dissipation over the entire range of 
R^. The ^eed range of the system may thus be increased to a 
limit throu^ a judicious increase in the step ratio R. 
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SUMURY iHD GOUCLUSIORS 

The development of a continuously variable speed drive 
system employing a mechanical differential and a dissipative 
control device is presented* The feasibility of ©iipl eying 
three different physical systans, namely, (i) a ball governor, 
(ii) a mixing paddle and (iii) a dc shunt generator as control 
devices is investigated. The variations of the steady state 
output speed with control parameter are presented for all the 
thr^e systans. The effect of output load variations on the 
system behaviour is examined. The dynamic b^avLour of the 
mechanical differential gear-hall governor ^stem is also 
studied.. The possibility of improving the ^stem speed of 
response through the selection of an optimum governor ball 
mass is explored. 

An experimental sot -up was fabricated to illustrate 
the practical feasibility of the proposed concept, A dc shunt 
generator was used as the control devLco because cf the ease 
in fabrication. The plots indicating the variation cf the 
output Speed with load, resistance are obtained for different 
values of the oulput load torque. 

The main conclusions ba.scd on the present work may be 


summarized. a,s i 
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(1) Tho proposed concept would bo practicol only for low 
power applications since a port of the input power is 
continuously dissipated in the control device. 

(2) The analysis indicates that the differential gear-ball 
governor system has better performance characteristics 

• compared to that employing a. mixing paddle as the 
control device. 

(3) The experimental results for the differential gear-dc 
shunt generator system show that the output speed 
changes due to variations in the output load. This 
does not agree with the theoretical prediction. The 
discr^ancy appears to be duo to the assumption of a 
linear magnetization curve and the neglect of the 
armature reaction during the modelling of the system. 

(4) The experiment conducted with the differential gcar^dc 
shunt generator system, however, osta.blishes the practi- 
cal feasibility of the concept for achieving a conti- 
nuously variable output speed. 

Experimental invest iga.t ions of the system using the 
ball governor and tho mixing paddle as control devices would 
represent an interesting future extension of the present 
study. Also, the development and analysis of ether control 
devices, promising improved performance characteristics wou^d 


be desirable 
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